INTRODUCTION
============

The amphetamine analogs fenfluramine and *d*-fenfluramine (here referred to collectively as fenfluramines) were widely prescribed appetite suppressants until they were withdrawn from clinical use because of the occurrence of valvular heart disease ([@bib17]; [@bib45]). In addition to adverse cardiovascular effects, fenfluramines are known to cause long-term (\>2 weeks) deficits in brain serotonin (5-HT) neurons in animal models ([@bib36]; [@bib44]). Characteristics of this apparent degeneration include depletion of brain tissue 5-HT, impaired transmitter biosynthesis, and decreased 5-HT transporter (SERT) binding and function ([@bib2]; [@bib32]; [@bib52]; [@bib69]). The prolonged effects of fenfluramines are mimicked by other ring-substituted amphetamines like *p*-chloroamphetamine (PCA) and 3,4-methylenedioxymethamphetamine (MDMA), and have been interpreted as evidence for 5-HT neurotoxicity ([@bib36]; [@bib64]; [@bib68]). On the other hand, some investigators have argued that effects of fenfluramines on brain 5-HT systems represent adaptive changes, rather than true neurotoxicity ([@bib23]; [@bib40]).

The precise mechanisms underlying the ability of fenfluramines to induce 5-HT deficits are not completely understood. Early *in vitro* studies reported that acute effects of fenfluramine involve inhibition of 5-HT uptake and stimulation of 5-HT release ([@bib20]; [@bib21]). *In vivo* microdialysis studies in rats confirm that acute administration of fenfluramines elevates extracellular 5-HT in intact brain ([@bib57]; [@bib59]). It is now well established that fenfluramines, like other ring-substituted amphetamines, are substrates for SERTs that evoke non-exocytotic release of 5-HT via reversal of normal transporter flux ([@bib9]; [@bib56]; [@bib61]). Importantly, SERT blockers such as fluoxetine prevent both the acute 5-HT release and long-term 5-HT depletion produced by fenfluramine administration ([@bib14]; [@bib51]; [@bib65]), suggesting that 5-HT release might somehow be involved in mediating persistent deficits ([@bib9]; [@bib24]; [@bib51]). There is evidence, for example, that drug-induced release of 5-HT can lead to the formation of reactive 5-HT metabolites that can cause cellular damage ([@bib16]; [@bib58]; [@bib67]).

In previous experiments ([@bib4]), we demonstrated that the SERT substrates, *d-*fenfluramine and 1-(*m*-chlorophenyl)piperazine (mCPP), elevate extracellular 5-HT in rat brain by an analogous mechanism. Interestingly, when these drugs are administered repeatedly to rats, only *d*-fenfluramine causes long-term depletion of forebrain 5-HT. We concluded from these results that (1) 5-HT release *per se* may not be sufficient to produce drug-induced 5-HT depletion and that (2) only certain SERT substrates are associated with long-term deficits. Consistent with our findings using mCPP, a number of subsequent reports have identified SERT substrates devoid of neurotoxic properties ([@bib22]; [@bib48]). However, a key limitation of all previous studies is that none have compared the effects of SERT substrates on acute 5-HT release and long-term transmitter depletion in the same subjects. Furthermore, few investigations have identified any fundamental difference between SERT substrates, which cause 5-HT depletion and those that do not.

In this study, we sought to address these issues by systematically comparing the acute and long-term effects of specific SERT substrates: fenfluramine, *d*-fenfluramine, mCPP and 1-(*m*-trifluoromethylphenyl)piperazine (TFMPP). We chose to examine these specific drugs because they have little effect on dopamine transmission ([@bib4]; [@bib19]) and do not cause hyperthermia ([@bib18]; [@bib35]), two factors that can simplify the interpretation of data from *in vivo* experiments. *In vivo* microdialysis was carried out in rat nucleus accumbens to determine the relationship between drug-induced 5-HT release and long-term 5-HT depletion in the same subjects. *In vitro* assays were performed to examine the ability of drugs to release preloaded \[^3^H\]5-HT from synaptosomes and to evoke transporter-mediated ionic currents in SERT-expressing *Xenopus* oocytes. Our data show that all of the test drugs are SERT substrates capable of releasing 5-HT *in vitro* and *in vivo*, but *d-*fenfluramine and its bioactive metabolite *d-*norfenfluramine exhibit significantly larger SERT-mediated currents when compared with phenylpiperazines, and only fenfluramines produce long-term 5-HT depletions. Collectively, these findings point to the involvement of SERT-mediated ionic currents in the mechanism of 5-HT depletion produced by SERT substrates.

MATERIALS AND METHODS
=====================

Drugs and Reagents
------------------

(±)-*N*-ethyl-1-\[3-(trifluoromethyl)phenyl\]propan-2-amine hydrochloride (fenfluramine, MW 267.7), (+)-*N*-ethyl-1-\[3-(trifluoromethyl)phenyl\]propan-2-amine hydrochloride (*d*-fenfluramine, MW 267.7) and (+)-1-\[3-(trifluoromethyl)phenyl\]propan-2-amine hydrochloride (*d*-norfenfluramine, MW 239.7) were obtained from the NIDA Drug Supply Program (Rockville, MD, USA). 1-(3-Chlorophenyl)piperazine dihydrochloride (mCPP, MW 269.7), 1-(3-trifluoromethylphenyl)piperazine hydrochloride (TFMPP, MW 266.7), fluoxetine, and pargyline were purchased from Sigma Chemical (St Louis, MO, USA). Pentobarbital sodium was obtained from the NIDA IRP Pharmacy (Baltimore, MD, USA). \[^3^H\]5-HT and \[^3^H\]DA were purchased from Dupont New England Nuclear (Boston, MA, USA). All reagents, buffer salts and chemicals were obtained from Sigma Chemical unless otherwise noted. Plasmids encoding human SERT were a generous gift of Dr Susan G Amara.

Animals and Housing
-------------------

Male Sprague--Dawley rats (Charles River, Wilmington, MA, USA) weighing 300--400 g were housed in standard conditions (lights on from 0700 to 1900 hours) with food and water freely available. Rats were maintained in facilities fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC), and experiments were performed in accordance with the Institutional Care and Use Committee of the NIDA IRP. *Xenopus laevis* frogs (Nasco, Fort Atkinson, WI, USA) were kept in aquariums on a strict 12-h light:dark schedule with food available once weekly.

*In Vivo* Microdialysis in Rat Nucleus Accumbens
------------------------------------------------

*In vivo* microdialysis procedures were carried out as previously described ([@bib5]). Briefly, male rats were surgically prepared with jugular catheters and intracerebral guide cannulae aimed at the nucleus accumbens (AP +1.6 mm, ML −1.7 mm relative to bregma; −6.2 mm relative to dura). After a 7- to 10-day recovery period, catheters were attached to extension tubes and 0.5 × 2 mm microdialysis probes (CMA/12, Harvard Apparatus, Holliston, MA, USA) were inserted into guide cannulae. Ringers\' solution was perfused through the probe at 0.5 μl/min overnight. On the following morning, dialysate samples were collected at 20-min intervals and drug treatments were given after three baseline samples were obtained. Rats received four sequential i.p. injections (one injection every 2 h for a total of four doses). The dose was 6 mg/kg for all drugs, and dialysate samples were collected throughout the dosing period (ie, for 8 h after the first injection). Levels of 5-HT and dopamine were quantified using high-pressure liquid chromatography coupled to electrochemical detection (HPLC-EC; [@bib5]). Dialysate samples were injected onto a microbore HPLC column coupled to an EC detector with a glassy carbon electrode set at +650 mV relative to Ag/AgCl reference. Mobile phase was pumped at 60 μl/min. Chromatographic data were exported to a Millenium software system (Waters, Milford, MA, USA) for peak identification, integration, and analysis.

Determination of Post-Mortem Tissue Levels of Monoamines
--------------------------------------------------------

Two weeks after undergoing microdialysis testing, rats were decapitated and brains were quickly bisected on ice. The hemisphere containing the microdialysis guide cannulae was frozen on dry ice and stored at −80 °C. Sections were cut on a cryostat and examined to determine the placement of the probe tip in the nucleus accumbens. The remaining hemisphere was rapidly dissected on ice to yield frontal cortex, dorsal striatum (containing caudate nucleus), and ventral striatum (containing nucleus accumbens). Dissected tissue was transferred to cryovials, frozen on dry ice, and stored at −80 °C until it was analyzed for tissue monoamines and their metabolites using HPLC-EC detection as previously described ([@bib4]).

*In Vitro* \[^3^H\]5-HT and \[^3^H\]dopamine Release Assays
-----------------------------------------------------------

*In vitro* release assays were carried out as previously described ([@bib46]). Briefly, crude synaptosomes were prepared from rat brain minus cerebellum and caudate for \[^3^H\]5HT release or from rat caudate for \[^3^H\]dopamine release. Tissue was homogenized in ice-cold 10% sucrose containing 1 μM reserpine. Nomifensine (100 nM) and GBR12935 (100 nM) were added to preparations used for \[^3^H\]5HT release assays to prevent \[^3^H\]5HT uptake into norepinephrine and dopamine nerve terminals. Homogenates were centrifuged at 1000 × *g* for 10 min at 4 °C and the supernatants (synaptosomes) were retained on ice. Synaptosomes were incubated to steady state at 25 °C with 5 nM \[^3^H\]5HT (60 min) or 5 nM \[^3^H\]dopamine (30 min) diluted in Krebs buffer containing 1 μM reserpine. Release assays were initiated by adding 900 μl of the preloaded synaptosomes to test tubes that contained 100 μl of test drug made up in phosphate buffer with 1 mg/ml BSA. Release stimulation curves were generated by incubating preloaded synaptosomes with 8--10 concentrations of *d*-fenfluramine, *d-*norfenfluramine, mCPP, or TFMPP (1 nM to 100 μM). For the fluoxetine reversal experiments, tubes contained 10 nM fluoxetine in the presence of releasing drug. After 5 min, the release reaction was terminated by dilution with 4 ml of wash buffer at 25 °C, followed by rapid vacuum filtration over Whatman GF/B filters. The filters were rinsed twice with 4 ml wash buffer, and retained tritium was counted by a liquid scintillation counter at 40% efficiency after an overnight extraction in Cytoscint.

Electrophysiological Recordings in *Xenopus laevis* Oocytes
-----------------------------------------------------------

*Xenopus laevis* frogs were anesthetized with ethyl 3-aminobenzoate methanesulfonate (2 mg/ml in H~2~O). The frog was decapitated and the ovarian lobes were removed and transferred to sterile Ca^2+^-free OR2 solution (82.5 mM NaCl, 2.5 mM KCl, 2 mM MgCl~2~, 10 mM HEPES, pH adjusted to 7.4 with NaOH). The lobes were manually reduced to groups of 5--10 oocytes and incubated in OR2, containing 1 mg/ml collagenase from *Clostridium histolyticum* (Sigma Chemical). 45--60 min of incubation at 18 °C were sufficient to digest and remove the follicular layer. Oocytes were then selected and transferred to a Ringer-solution (100 mM NaCl, 2 mM KCl, 1.8 mM CaCl~2~, 1 mM MgCl~2~, 5 mM Hepes, pH adjusted to 7.6 with NaOH). Oocytes were kept at 18 °C for a minimum of 2 h before injection. Injected oocytes were kept for 6--9 days at 18 °C in a Ringer solution containing 2.5 mM Na^+^ pyruvate, 100 μg/ml penicillin, and 100 μg/ml streptomycin. Solutions were changed daily. Electrophysiology experiments were performed as described earlier ([@bib10]). A plasmid encoding hSERT was linearized and transcribed into RNA with a T7 RNA polymerase Kit mMessage mMachine (Ambion, Life Technologies, Grand Island, NY, USA). A total of 5 ng cRNA was microinjected into each oocyte. Electrophysiological recordings were performed 6--9 days following injection at 18 °C. A CA-1B high performance oocyte clamp was used for the measurements. The recorded signal was digitized with a Digidata 13222A (Axon Instruments, Molecular Devices, Sunnyvale, CA, USA). An Intel PC running pCLAMP 9.2 (Axon Instruments) was used for acquisition. Borosilicate glass capillaries were pulled to a final resistance of 0.4--1.2 megaohm and filled with 3 M KCl. Oocytes were impaled and the membrane potential was clamped to a holding potential of −60 mV. For continuous superfusion with ND100 solution (100 mM NaCl, 2 mM KCl, 1 mm CaCl~2~, 1 mM MgCl~2~, 10 mM HEPES, pH adjusted to 7.4 with NaOH), a gravity-driven superfusion system was used. Recordings were started after a stable current baseline was established. The current was sampled with 100 Hz and low pass filtered with 20 Hz.

Data Analysis and Statistics
----------------------------

For the microdialysis experiments, the first three samples collected were considered baseline samples and all subsequent monoamine measures were expressed as a percentage of the mean of this baseline. Effects of drugs on dialysate 5-HT and dopamine were evaluated using two-way ANOVA (treatment × time) followed by Bonferroni *post hoc* tests at specific time points after drug injection. The post-mortem tissue data were analyzed by one-way ANOVA (treatment) to compare drug effects with saline-injected controls. When significant F values were obtained, Newman--Keuls\' *post hoc* tests were performed. The relationship between post-mortem tissue 5-HT and dialysate concentrations of 5-HT were assessed using Pearson\'s correlation coefficient. For the release assays, the data from three experiments were fit to a dose-response curve equation, and EC~50~ values were calculated using Graph Pad Prism. To determine apparent Ki for fluoxetine, data were analyzed by MLAB-PC (Civilized Software, Bethesda, MD, USA) as described elsewhere ([@bib46]). For transporter-mediated currents, the comparison of the maximum currents across drugs was analyzed by one-way ANOVA with Tukey\'s *post hoc* test. *P*\<0.05 was chosen as the minimum criterion for statistical significance.

RESULTS
=======

Fenfluramines and Piperazines Increase Dialysate 5-HT in Intact Brain
---------------------------------------------------------------------

In the first set of experiments, we monitored extracellular concentrations of 5-HT and dopamine in the nucleus accumbens of rats that received four sequential drug treatments (6 mg/kg, i.p.). The dosing regimen was chosen based on pilot studies and previous findings that showed similar doses of *d-*fenfluramine decrease brain tissue 5-HT at 2 weeks after injection ([@bib4]). The data depicted in [Figure 1a](#fig1){ref-type="fig"} show that both fenfluramine treatments significantly affected extracellular 5-HT (F~2,\ 26~=349.7; *p*\<0.0001) and there was a significant treatment × time interaction (F~2,\ 52~=2.74; *p*\<0.001). The first dose of fenfluramine and *d-*fenfluramine increased extracellular 5-HT by about 12-fold (ie, 1200% of basal), followed by a gradual decline. The next dose caused a smaller increase in extracellular 5-HT, whereas subsequent doses failed to further elevate 5-HT levels. Nevertheless, the overall effect of drug administration was to cause persistent and significant elevation of extracellular 5-HT in the range of 500--800% for the duration of sampling (*p*\<0.05, Bonferroni). Fenfluramine treatments also influenced dopamine (F~2,\ 26~=38; *p*\<0.001), but in this case, there was no treatment × time interaction (F~2,\ 52~=0.745; NS). Although dopamine levels were elevated to about 150% of basal for both drugs, *post hoc* tests revealed this increase did not differ from saline at any time point ([Figure 1b](#fig1){ref-type="fig"}).

The data in [Figure 1c](#fig1){ref-type="fig"} demonstrate that phenylpiperazine treatments significantly affected extracellular 5-HT (F~2,\ 26~=596.3; *p*\<0.0001) and there was a significant treatment × time interaction (F~2,\ 52~=7.09; *p*\<0.001). The pattern of 5-HT response produced by mCPP mimicked the effects of fenfluramines. Specifically, the first dose of mCPP increased extracellular 5-HT by about 1000% of basal, and subsequent doses maintained dialysate 5-HT at about 500%, significantly above control for the duration of sampling (*p*\<0.05, Bonferroni). The first dose of TFMPP increased extracellular 5-HT to higher levels than the other agents (about 1400% of basal), and subsequent doses continued to increase 5-HT to a peak level of about 30-fold above basal. The robust elevations in dialysate 5-HT induced by TFMPP were significantly greater than those induced by mCPP at all points after the second, third, and fourth injections (*p*\<0.05). Piperazine treatments influenced dopamine (F~2,\ 26~=9.64; *p*\<0.001), but there was no treatment × time interaction (F~2,\ 52~=0.70; NS). mCPP produced modest elevations in dopamine (150% basal) whereas TFMPP actually decreased dopamine (80% basal) at later time points. *Post hoc* tests revealed that changes in dialysate dopamine were not different from saline at any time point ([Figure 1d](#fig1){ref-type="fig"}).

Only Fenfluramines Cause Persistent Depletion of Brain 5-HT
-----------------------------------------------------------

Two weeks after the microdialysis experiments, rats were killed and brains were removed for analysis of post-mortem tissue 5-HT, 5-hydroxyindoleacetic acid, dopamine and 3,4-dihydroxyphenylacetic acid by HPLC with electrochemical detection ([@bib4]). As reported in [Figure 2](#fig2){ref-type="fig"}, repeated drug treatments had a significant effect on tissue concentrations of 5-HT (F~4,\ 20~=17.09; *p*\<0.0001) but not DA (F~4,\ 20~=0.678; NS). In particular, fenfluramines significantly depleted tissue levels of 5-HT in the nucleus accumbens (*p*\<0.05, Newman--Keuls; [Figure 2a](#fig2){ref-type="fig"}), whereas mCPP and TFMPP did not ([Figure 2c](#fig2){ref-type="fig"}). Similar results were observed in tissue from cortex and caudate nucleus (data not shown). Tissue concentrations of 5-HT in the accumbens (ng/100 mg tissue) were negatively correlated with mean extracellular 5-HT (pg/μl) measured during microdialysis for rats exposed to fenfluramines (*r*=−0.7975, *p*\<0.0004), but this relationship was not apparent for rats exposed to piperazines (*r*=−0.0939, NS; [Figures 2b and d](#fig2){ref-type="fig"}).

*d-*Fenfluramine, *d-*Norfenfluramine, and Piperazines are Transporter Substrates
---------------------------------------------------------------------------------

We next characterized the interaction of SERT substrates with transporters *in vitro* using a synaptosomal preparation from rat brain. In these experiments, we compared the effects of *d-*fenfluramine, mCPP, and TFMPP, but also included the metabolite *d-*norfenfluramine, as this metabolite has been implicated in the 5-HT depletion produced by *d-*fenfluramine observed *in vivo* ([@bib11]; [@bib30]). Consistent with our previous findings ([@bib46]), *d-*fenfluramine and *d*-norfenfluramine evoked the release of preloaded \[^3^H\]5-HT from synaptosomes. Dose-response curves were shifted significantly to the right by co-incubation with the SERT uptake inhibitor fluoxetine (*p*\<0.05), indicating that both compounds are substrates for SERT ([Figures 3a and b](#fig3){ref-type="fig"}). Similar data were obtained with mCPP and TFMPP ([Figures 3c and d](#fig3){ref-type="fig"}), indicating that these agents are also SERT substrates. As reported in [Table 1](#tbl1){ref-type="table"}, fenfluramine, *d*-fenfluramine, and mCPP had similar EC~50~ values for releasing \[^3^H\]5-HT (∼50--70 nM) whereas TFMPP was somewhat less potent with an EC~50~ value of 190 nM. The apparent Ki of fluoxetine for SERT ranged from 4.3 nM for *d-*fenfluramine to 8.7 nM for TFMPP. It is important to note that *d-*fenfluramine, *d-*norfenfluramine, and the phenylpiperazines were fully efficacious in their ability to induce 5-HT release (ie, E~max~=100%). By contrast, *d-*fenfluramine, mCPP, and TFMPP were inactive at releasing \[^3^H\]dopamine when tested at concentrations up to 10 μM (data not shown).

Fenfluramines Evoke Larger SERT-Mediated Currents than Piperazines
------------------------------------------------------------------

Once it was determined that all test compounds were efficacious SERT substrates, the propensity for the drugs to elicit SERT-mediated currents was examined. Transporter currents can be elicited by amphetamine and non-amphetamine substrates, including the physiological substrate 5-HT ([@bib25]; [@bib34]; [@bib53]). In these experiments, we compared the effects of *d-*fenfluramine, *d-*norfenfluramine, mCPP, and TFMPP, but also included methylthioamphetamine (MTA) because we have shown previously that this compound is a nontoxic SERT substrate that induces relatively small inward currents ([@bib22]). A saturating concentration of 10 μM 5-HT was used as a reference point ([@bib25]), and increasing concentrations of each of the compounds were tested ([Figures 4a--e](#fig4){ref-type="fig"}). All drugs elicited currents in a dose-dependent manner, and consistently showed a progressive decline of the current with higher concentrations. This type of bell-shaped concentration-response curve has been described in an earlier study ([@bib22]). Briefly, currents evoked by PCA reach a maximum between 10 and 30 μM in hSERT-expressing *Xenopus laevis* oocytes. These currents decline at concentrations above 30 μM and almost completely vanish at concentrations of 300 μM. A likely explanation for the decline of currents at high doses is the inhibition of current by accumulated intracellular drug molecules; this hypothesis is supported by the findings of [@bib1]). Thus, it is very likely that the drugs examined in this study reached high enough intracellular concentration to profoundly inhibit substrate-induced currents.

A comparison of the raw current traces elicited by the five test compounds revealed inwardly directed currents for *d-*fenfluramine and *d*-norfenfluramine that were almost as high as the 5-HT-induced current ([Figures 4a and b](#fig4){ref-type="fig"}). By contrast, the piperazine drugs mCPP and TFMPP elicited about half the 5-HT-induced current ([Figures 4c and d](#fig4){ref-type="fig"}). Similarly, MTA elicited a comparably small current ([Figure 4e](#fig4){ref-type="fig"}). Next, we analyzed all current data and compared the resulting concentration-response curves ([Figure 5a](#fig5){ref-type="fig"}). At low concentrations of the SERT substrates (up to 1 μM), currents were indistinguishable. However, the picture changed at concentrations \>3 μM, where *d-*fenfluramine and *d-*norfenfluramine induced a significantly greater magnitude of current than the piperazines or MTA. It is noteworthy that EC~50~ values for the induction of currents were comparable among most of the compounds ([Table 2](#tbl2){ref-type="table"}), and this agrees with the similar EC~50~ values obtained in the synaptosome release experiments ([Table 1](#tbl1){ref-type="table"}). The only drug that misses this nice correlation is *d*-norfenfluramine, which elicits current at much higher concentrations (at around 10 μM) when compared with the EC~50~ values obtained in the synaptosome release.

We next performed a comparison of all the test compounds in single oocytes; we used the concentrations where the maximum current was induced in the concentration-response curves. Although the piperazine compounds reached the maximum current at 3 μM, for *d-*fenfluramine 10 μM, and for *d*-norfenfluramine 100 μM was necessary to reach peak conductance ([Figure 5a](#fig5){ref-type="fig"}). Finally, a comparison of the maximally induced currents revealed significant differences between drugs (F~3,\ 19~=79.11; *p*\<0.001), such that *d*-fenfluramine and *d*-norfenfluramine elicit significantly greater currents than either of the phenylpiperazine compounds or MTA (*p*\<0.05, one-way ANOVA). Interestingly, we observed a transient current increase upon removal of amphetamine concentrations that had first led to a current decrease. This suggests that current activation and current inhibition might be independent processes.

DISCUSSION
==========

It is well established that fenfluramine and other ring-substituted amphetamines, such as MDMA and PCA, cause long-term depletion of brain 5-HT in rats ([@bib36]; [@bib44]; [@bib68]), but the underlying mechanisms responsible for this effect are not clear. Fenfluramine, MDMA, and PCA are SERT substrates that evoke non-exocytotic release of 5-HT by reversing the normal direction of transporter flux ([@bib9]; [@bib44]; [@bib56]). Thus, a reasonable hypothesis is that acute 5-HT-releasing effects of amphetamine analogs are responsible for persistent 5-HT deficits produced by these drugs ([@bib57]; [@bib59]). According to one version of this hypothesis, supraphysiological elevations in extracellular 5-HT promote the formation of toxic 5-HT metabolites (eg, 5,6-dihydroxytryptamine) that generate free radicals and cause cellular damage ([@bib12]; [@bib58]; [@bib67]).

Considerable data support a role for free radicals in the development of MDMA-induced 5-HT deficits ([@bib31]; [@bib33]), but this type of mechanism may not explain persistent effects of fenfluramines ([@bib15]; [@bib38]). Importantly, several lines of evidence indicate that substrate-induced increases in extracellular 5-HT can be dissociated from long-term 5-HT depletions. More than 20 years ago, the Nichols group identified analogs of MDMA and PCA that are potent and selective 5-HT releasers *in vitro* but do not cause 5-HT depletion *in vivo* ([@bib29], [@bib28]; [@bib39]). We reported previously that mCPP increases extracellular 5-HT as effectively as fenfluramine, but does not cause a persistent decrease in brain 5-HT ([@bib4]). On the basis of these collective findings, it was suggested that being a SERT substrate is necessary, but not sufficient, to produce long-term 5-HT depletion. Subsequent reports have identified and characterized a number of structurally distinct SERT substrates that have a reduced propensity for causing 5-HT depletion ([@bib5]; [@bib22]; [@bib48]).

A major weakness of the above-mentioned studies is that no experiments tested the effects of SERT substrates on *in vivo* 5-HT release and long-term 5-HT depletion in the same subjects. This type of within-subjects investigation is essential before concluding that a SERT substrate is not neurotoxic. Extrapolating *in vitro* drug effects to *in vivo* conditions is complicated by a variety of factors including drug absorption, metabolism, and brain penetrance. To address such issues, we used microdialysis sampling to measure extracellular 5-HT and dopamine in the brains of rats, during exposure to repeated injections of fenfluramines or phenylpiperazines. The same rats were examined 2 weeks later to assess depletion of brain tissue monoamines. Administration of fenfluramine, *d-*fenfluramine, and mCPP resulted in sustained increases in dialysate 5-HT that ranged from five- to eightfold higher than baseline ([Figures 1a--c](#fig1){ref-type="fig"}). By contrast, each of the four injections of TFMPP produced a step-wise increase in extracellular 5-HT that reached levels 25-times higher than normal ([Figure 1d](#fig1){ref-type="fig"}). The present microdialysis results agree with previous findings that show single i.v. injections of fenfluramines or phenylpiperazines increase dialysate 5-HT, but not dopamine, in rat brain ([@bib4], [@bib6]). On the other hand, TFMPP is reportedly less potent than mCPP as a 5-HT releaser *in vivo*. Thus, we have no explanation for the large increases in dialysate 5-HT produced by repeated i.p. injections of TFMPP as compared with the other drugs. One possibility is that TFMPP is metabolized by hepatic mechanisms to a compound that is a powerful SERT substrate ([@bib63]), and this proposal warrants investigation.

Although fenfluramine, *d*-fenfluramine, and the phenylpiperazines produced large sustained elevations in extracellular 5-HT, only the fenfluramines caused 5-HT depletions ([Figure 2](#fig2){ref-type="fig"}). Interestingly, post-mortem tissue concentrations of 5-HT were negatively correlated with extracellular concentrations of 5-HT measured during dialysis sampling in rats exposed to fenfluramines, but not in rats exposed to phenylpiperazines. These data demonstrate a key difference between fenfluramine and phenylpiperazine SERT substrates, and provide compelling evidence that increases in extracellular 5-HT may not underlie long-term 5-HT depletion. One simple interpretation of the data is that SERT proteins act as 'gateways\' to allow the accumulation of SERT substrates or their bioactive metabolites into nerve cells, thereby promoting subsequent intracellular damage ([@bib31]; [@bib43]). This hypothesis is consistent with the observation that SERT blockers like fluoxetine can prevent the long-term 5-HT depletion produced high-dose fenfluramines ([@bib14]; [@bib65]).

If one assumes that the gateway hypothesis is tenable, then a fundamental question arises: what properties distinguish SERT substrates that cause 5-HT depletion from those that do not? As a means to compare the molecular mechanism of action for *d-*fenfluramine and phenylpiperazines, we examined the ability of the drugs to evoke release of preloaded \[^3^H\]5-HT and \[^3^H\]dopamine in rat brain synaptosomes. In these experiments, we also included the *N-*deethylated metabolite of *d-*fenfluramine, *d-*norfenfluramine, because this compound has been implicated in the 5-HT deficits produced by *d-*fenfluramine administration in rats ([@bib11]; [@bib30]). Our release experiments clearly demonstrate that *d-*fenfluramine, *d-*norfenfluramine, mCPP, and TFMPP are fully efficacious in their ability to release \[^3^H\]5-HT ([Figures 3a--d](#fig3){ref-type="fig"}), with minimal effects on release of \[^3^H\]dopamine. Furthermore, co-incubation with fluoxetine caused parallel right-ward shifts in the 5-HT release curves for all drugs. These results provide decisive evidence that all of the compounds are selective SERT substrates. This fact is well accepted for *d-*fenfluramine and *d-*norfenfluramine ([@bib49]), but less so for phenylpiperazines. [@bib41]) were the first to demonstrate that phenylpiperazines like mCPP and TFMPP induce the release of preloaded \[^3^H\]5-HT from rat brain tissue *in vitro*. [@bib3]) subsequently showed that TFMPP evokes the release of endogenous 5-HT from rat hippocampal slices by a fluoxetine-sensitive mechanism. The present *in vitro* findings add to the growing body of evidence showing that mCPP and TFMPP are potent and selective SERT substrates, and this feature contributes prominently to their *in vivo* mechanism of action ([@bib3]; [@bib8], [@bib6]; [@bib19]).

Our data from rat brain synaptosomes did not reveal differences between the effects of *d-*fenfluramine and phenylpiperazines. In order to look more closely at possible mechanistic differences between the drugs, we opted to examine transporter-mediated currents in *Xenopus* oocytes expressing hSERT proteins. We previously examined the pharmacology of MTA and *N,N*-dimethyl-4-methylthioamphetamine, two SERT substrates with reduced neurotoxic properties. It was found that these amphetamine-related substrates display blunted transporter-mediated currents when compared with PCA ([@bib22]). Here, we show that *d-*fenfluramine, *d-*norfenfluramine, mCPP, TFMPP, and MTA all generate SERT-mediated currents in an analogous manner ([Figures 4a--e](#fig4){ref-type="fig"}). However, *d-*fenfluramine and *d-*norfenfluramine elicited currents that were up to two times greater in magnitude than those generated by mCPP, TFMPP, or MTA ([Figures 5a and b](#fig5){ref-type="fig"}). Importantly, along with others, we have shown that transporter-mediated currents can measurably depolarize cells ([@bib13]; [@bib26]; [@bib37]; [@bib60]), which may lead to significant changes in the excitability of the cells in nervous tissue ([@bib66]). It seems feasible that sustained increases in SERT activation, coupled with enhanced electrical excitability, could lead to long-term dysregulation of 5-HT neurons. Furthermore, amphetamine-type compounds are notoriously diffusible and easily cross the lipid bilayer. The continuous diffusion of the accumulated *d-*fenfluramine and *d-*norfenfluramine from internal stores, and the subsequent reactivation of transporter-generated current that comes along with it, could be a simple explanation why ongoing depolarization results in profound 5-HT depletion ([@bib50]). However, the question remains as to why the phenylpiperazine drugs are devoid of detrimental effects associated with *d-*fenfluramine? One possibility could be a higher affinity of the phenylpiperazines for the internal substrate site on SERT, and this proposal deserves further investigation.

There are a number of caveats that influence the interpretation of our conclusions about the importance of SERT-mediated currents in producing 5-HT deficits. First, as noted in the introduction, fenfluramine and *d-*fenfluramine are selective SERT substrates that do not cause hyperthermia upon systemic administration ([@bib18]; [@bib35]). Therefore, the mechanisms responsible for fenfluramine-induced 5-HT deficits may differ from the effects produced by non-selective transporter substrates like PCA and MDMA, which cause robust hyperthermia in rats. Second, elevations in extracellular dopamine, and subsequent formation of catechol metabolites, have been implicated in the mechanism of 5-HT toxicity produced by PCA and MDMA ([@bib15]; [@bib38]). Here we show that repeated injections of fenfluramine and *d-*fenfluramine produce small increases in extracellular dopamine, whereas mCPP and TFMPP have no effect or even decrease extracellular dopamine. We cannot rule out the possibility that the dopaminergic effects of fenfluramines contribute to their toxic properties, although this appears unlikely. Finally, there are substantial differences in the receptor pharmacology among fenfluramines and phenylpiperazines that must be considered. mCPP and TFMPP are known to interact with multiple 5-HT~1~ and 5-HT~2~ receptor subtypes, whereas *d-*fenfluramine and *d-*norfenfluramine are less potent in this regard ([@bib47]; [@bib55]). It is feasible that phenylpiperazines could act as agonists, or antagonists, at specific receptor sites, which provide protection against long-term 5-HT depletions. The non-selective 5-HT receptor antagonist metergoline does not alter the acute 5-HT-depleting effect of *d-*fenfluramine, suggesting that post-synaptic 5-HT receptors are not involved in short-term loss of tissue 5-HT ([@bib27]). Selective blockade of 5-HT~2A~ receptors can protect against the long-term 5-HT depletions produced by MDMA ([@bib54]; [@bib62]), but the role of 5-HT~2A~ receptors, and other receptor subtypes, in mediating long-term 5-HT depletions caused by fenfluramines is unexplored and deserves investigation.

In conclusion, our results provide further evidence that 5-HT release *per se* is not the culprit in mediating long-term 5-HT deficits associated with fenfluramines and related SERT substrates. We propose an alternative explanation that suggests deleterious effects of SERT substrates are directly related to their current-inducing properties. Although substrate-induced currents are evoked by external substrate, they are inhibited by accumulated internal substrate ([@bib1]). If we assume that the uncoupled ion conductance through the transporter contributes to a deleterious effect of amphetamines to nerve cells, inhibition of it by internal substrate might be protective. Thus, the cytotoxicity of a particular SERT substrate might be inversely correlated with its affinity for the internal substrate binding site. This intriguing hypothesis is now being investigated in our laboratory. From a public health perspective, it is important that future studies clarify the mechanisms responsible for toxic effects of transporter substrates because drugs of this type are used clinically. In addition, this issue has special relevance at the present time because there is an alarming increase in the recreational misuse of synthetic designer drugs that target SERT ([@bib5], [@bib7]; [@bib42]).
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![Effects of repeated i.p. administrations of saline, fenfluramine (fen), *d-*fenfluramine (d-fen), mCPP, and TFMPP on extracellular 5-HT and dopamine (DA) in rats undergoing microdialysis in nucleus accumbens. Panel a depicts the effects of fen, d-fen, and saline on dialysate 5-HT, whereas panel b shows dialysate dopamine. Panel c depicts effects of mCPP, TFMPP, and saline on dialysate 5-HT, whereas panel d shows dialysate dopamine. Arrows indicate time of injections. Data are mean±SEM expressed as % baseline for *N*=5 rats per group.](npp2013331f1){#fig1}

![Effects of repeated doses of saline, fenfluramine (fen), *d-*fenfluramine (d-fen), mCPP, or TFMPP on post-mortem tissue levels of 5-HT and dopamine (DA) in rat nucleus accumbens, measured 2 weeks after injections. Panel a shows the effects of fenfluramines while panel c shows the effects of phenylpiperazines. Post-mortem tissue data (a, c) are mean±SEM expressed as % control amine *N*=5 rats per group. The relationship between dialysate 5-HT and post-mortem tissue 5-HT is illustrated for fenfluramines and phenylpiperazine in panels b and d, respectively. Pearson\'s correlation coefficient (r) was calculated for effects of fenfluramines (b) or piperazines (d), based on mean dialysate 5-HT during the sampling period (pg/5 μl) and post-mortem tissue levels of 5-HT (ng/100 mg) for individual subjects. *N*=15 rats per plot.](npp2013331f2){#fig2}

![Release of preloaded \[^3^H\]5-HT from rat brain synaptosomes evoked by *d-*fenfluramine (d-fen), *d-*norfenfluramine (d-norfen), mCPP, and TFMPP. Drug-induced \[^3^H\]-5-HT release was measured in the presence or absence of 10 nM fluoxetine for d-fen (a), d-norfen (b), mCPP (c), and TFMPP (d). Data are mean±SD for *N*=3 separate experiments.](npp2013331f3){#fig3}

![SERT-generated currents in *Xenopus* oocytes induced by increasing concentrations of *d-*fenfluramine, *d-*norfenfluramine, mCPP, TFMPP, or MTA in comparison with the physiological substrate 5-HT (10 μM). Sample traces are shown in panels a--e, and drug concentrations are given in μM.](npp2013331f4){#fig4}

![(a) Concentration-response curves, pooled from different oocytes and (b) comparison of the maximal current (C~max~) for *d-*fenfluramine, *d-*norfenfluramine, mCPP, TFMPP, and MTA compared in the same oocyte. Maximal current for *d*-fenfluramine was measured at 10 μM and for *d*-norfenfluramine at 100 μM, whereas maximal current for mCPP, TFMPP, and MTA was measured at 3 μM. Statistical analysis revealed significant differences at a level of *p*\<0.01 (\*\*\*).](npp2013331f5){#fig5}

###### *In Vitro* Release Data for Test Compounds

  **Treatment**                       **\[**^**3**^**H\]5-HT EC**~**50**~ **(nM)**   **Fluoxetine apparent K**~**I**~ **(nM)**    **\[**^**3**^**H\]dopamine EC**~**50**~ **(nM)**
  ----------------------------------- ---------------------------------------------- ------------------------------------------- --------------------------------------------------
  *d*-Fenfluramine                    54±4                                           4.3                                                              \>10 000
  *d*-Fenfluramine+10 nM fluoxetine   279±29                                                                                                              
  *d*-Norfen                          70±9                                           6.3                                                                 ND
  *d*-Norfen+10 nM fluoxetine         266±25                                                                                                              
  mCPP                                55±4                                           5.0                                                              \>10 000
  mCPP+10 nM fluoxetine               240±31                                                                                                              
  TFMPP                               190±12                                         8.7                                                              \>10 000
  TFMPP+10 nM fluoxetine              519±47                                                                                                              

Effects of drugs on \[^3^H\]5-HT and \[^3^H\]dopamine release from rat brain synaptosomes as outlined in Materials and Methods section. Data are expressed as mean±SD for three experiments performed in triplicate. Dopamine release for *d*-norfenfluramine was not determined (ND).

###### EC~50~ Data for Current Induction by Test Compounds

  **Drug**              **EC**~**50**~ **(μM)**    **95% Confidence interval**  ***n***
  --------------------- ------------------------- ----------------------------- ---------
  *d*-Fenfluramine      1.2                                0.42--2.43           7
  *d*-Norfenfluramine   10.2                               1.22--2.24           7
  mCPP                  1.94                               1.77--2.12           5
  TFMPP                 2.43                                1.74--3.4           5
  MTA                   1.27                                0.2--2.21           6

Effects of drugs on the generation of current, measured in hSERT-expressing *Xenopus laevis* oocytes as outlined in the Materials and methods section. Data are expressed as mean of five to seven experiments performed in individual oocytes.
